and arachidonoylethanolamide (AEA) to the corresponding PGH 2 analogs. Both enzymes are targets of nonsteroidal antiinflammatory drugs (NSAIDs), but NSAID-mediated COX inhibition is associated with gastrointestinal toxicity. One potential strategy to counter this toxicity is to also inhibit fatty acid amide hydrolase (FAAH), which hydrolyzes bioactive fatty acid ethanolamides (FAEs) into fatty acids and ethanolamine. Here, we investigated the mechanism of COX inhibition by ARN2508, an NSAID that inhibits both COXs and FAAH with high potency, target selectivity, and decreased gastrointestinal toxicity in mouse models, presumably due to its ability to increase levels of FAEs. A 2.27-Å-resolution X-ray crystal structure of the COX-2⅐(S)-ARN2508 complex reveals that ARN2508 adopts a binding pose similar to that of its parent NSAID flurbiprofen. However, ARN2508's alkyl tail is inserted deep into the top channel, an active site region not exploited by any previously reported NSAID. As for flurbiprofen, ARN2508's potency is highly dependent on the configuration of the ␣-methyl group. Thus, (S)-ARN2508 is more potent than (R)-ARN2508 for inhibition of AA oxygenation by both COXs and 2-AG oxygenation by COX-2. Also, similarly to (R)-flurbiprofen, (R)-ARN2508 exhibits substrate selectivity for inhibition of 2-AG oxygenation. Site-directed mutagenesis confirms the importance of insertion of the alkyl tail into the top channel for (S)-ARN2508's potency and suggests a role for Ser-530 as a deter-minant of the inhibitor's slow rate of inhibition compared with that of (S)-flurbiprofen.
drugs exhibit good anti-inflammatory activity with reduced gastrointestinal side effects; however, subsequent clinical trials uncovered adverse cardiovascular side effects associated with inhibition of COX-2 (10, 11) . An alternative approach to NSAID-mediated gastrointestinal toxicity is to increase the levels of AEA and other fatty acyl ethanolamides (FAEs), such as palmitoylethanolamide, in individuals receiving NSAID therapy. AEA and palmitoylethanolamide exert anti-inflammatory and cytoprotective effects in the gastrointestinal tract that can compensate for loss of beneficial PGs (12) . However, during inflammation, this FAE-dependent signaling may be compromised through increased expression of fatty acid amide hydrolase (FAAH), the primary degradative enzyme for FAEs, and COX-2, which may also contribute to AEA depletion because of its oxidation. These considerations have led to the hypothesis that simultaneous blockade of COX and FAAH might promote FAE-mediated prevention of the gastrointestinal side effects of NSAIDs while preserving most of their anti-inflammatory effects.
To test this hypothesis, dual inhibitors that simultaneously target both the COX enzymes and FAAH with high potency and oral bioavailability were synthesized. One compound from this class, ARN2508 (see Fig. 1 ), decreases intestinal inflammation and protects the gastrointestinal tract from NSAID-induced toxicity in vivo (13) . ARN2508 combines key structural features of the compound URB597, an FAAH inhibitor, and flurbiprofen ( Fig. 1) , a member of the 2-arylpropionic acid class of NSAIDs. Like flurbiprofen, ARN2508 inhibits PGE 2 formation in the gastric mucosa, but unlike flurbiprofen, ARN2508 was found to protect the epithelial lining in the stomach of mice, likely through its ability to increase levels of AEA and other FAEs.
Inhibition of both FAAH and COX by ARN2508 was found to be functionally irreversible based on dialysis experiments (13) . In the case of FAAH, ARN2508-mediated inhibition was attributed to a covalent bond formed between the carbamate moiety of the inhibitor and the enzyme's catalytic serine (14) . Thus, the carbamate functional group of ARN2508 is required for FAAH inhibition; however, it is not necessary for inhibition of COX. In fact, the carboxylate moiety is necessary for COX inhibition by ARN2508 as is seen in the case of its parent com-pound, flurbiprofen, which inhibits COX by a noncovalent mechanism. These findings suggest that covalent modification is not required for ARN2508-mediated inhibition of COX, but they do not completely rule out this possibility.
Flurbiprofen contains one chiral center ␣ to the carboxylic acid. Potent COX inhibitory activity is associated only with the S-enantiomer of flurbiprofen; however, the R-enantiomer is a substrate-selective inhibitor of endocannabinoid oxygenation by COX-2 (15) . ARN2508 shares this chiral carbon, but the initial kinetic evaluation of its COX-inhibitory activity was carried out using the racemic mixture (13) . Here, we report the characterization of the S-and R-enantiomers of ARN2508 with regard to potency, time dependence, isoform selectivity, and substrate selectivity of COX inhibition. We also explore structural determinants of ARN2508-mediated inhibition of COX and report the crystal structure of COX-2 complexed with (S)-ARN2508. Our findings reveal that the enantioselectivity of ARN2508 is similar to that of flurbiprofen. Also, like (S)-flurbiprofen, (S)-ARN2508 is a time-dependent inhibitor of COX-2, although its rate of inhibition is substantially slower than that of its parent. Furthermore, whereas the flurbiprofen moiety of ARN2508 binds in the COX-2 active site in a pose very similar to that of flurbiprofen, the inhibitor's alkyl chain occupies the same channel of COX-2 as the -tail of AA in a region of the active site that has not been exploited by any other NSAID for which structural data are available. Thus, in addition to its novel pharmacology as a dual inhibitor of FAAH and COX, ARN2508 exhibits binding properties not previously observed for any of the numerous selective and nonselective COX inhibitors described previously.
Results

Structural analysis of COX-2 with (S)-ARN2508
To better understand the basis for inhibitor binding, we obtained the three-dimensional structure of COX-2 in complex with (S)-ARN2508 via X-ray crystallography by molecular replacement using the high-resolution monomer model of mCOX-2 in complex with naproxen (Protein Data Bank code 3NT1) (16) . The COX-2⅐(S)-ARN2508 complex was determined to 2.27-Å resolution in the space group of I4 1 22. The omit difference map (F o Ϫ F c ) clearly revealed that the ligand in the crystal is indeed the S-enantiomer of ARN2508 ( Fig. 2 and Table 1 ). We have not been able to obtain high quality crystals of the COX-2⅐(R)-ARN2508 complex, possibly due to the low potency of this inhibitor.
The cyclooxygenase active site of COX-2 comprises a long L-shaped channel beginning at the membrane-binding domain and terminating deep within the catalytic domain. The active site is separated from the membrane-binding domain and an enlarged "lobby" immediately above it by a constriction formed by Arg-120, Tyr-355, and Glu-524. Above the constriction, the channel is lined predominantly by hydrophobic residues that favor binding of fatty acid substrates to the active site. Notable exceptions are Tyr-385, the catalytic residue that, in radical form, initiates the first step in PG biosynthesis, and Ser-530. Both of these residues are located at the bend in the channel (Fig. 3 ). AA binds in this channel with the carboxyl group in 
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close proximity to Arg-120 and Tyr-355 at the constriction site, carbon 13 aligned with the catalytic Tyr-385, and the -tail deep in the alcove above Ser-530 (17, 18) . Flurbiprofen also binds in the active site with the carboxylate close to the polar constriction site residues; however, this more compact molecule does not extend into the active site above Ser-530 (19 -23) .
ARN2508 is an alkyl carbamic acid biphenyl conjugate. As might be predicted, the flurbiprofen moiety of ARN2508 sits in the hydrophobic channel of the enzyme's active site with the same binding mode that is adopted by flurbiprofen in COX-1 and COX-2 (19 -23) . Thus, the carboxylate moiety of ARN2508 lies at the constriction of the active site, ion-pairing to Arg-120 and hydrogen-bonding to Tyr-355, and the aromatic rings project upward toward Tyr-385. However, hydrogen bond formation with ARN2508's carbamate group requires an upward displacement of the side chain of Ser-530 in the COX-2⅐(S)-ARN2508 complex relative to its position in the COX-2⅐flurbiprofen complex. Additional hydrogen bonds form between Tyr-385 and the oxygen atoms of ARN2508's carbamate group. The alkyl chain of ARN2508 reaches deeply into the distal portion of the cyclooxygenase channel between helices 2 and 17, making hydrophobic interactions with various residues including Phe-205, Phe-209, Phe-210, Val-228, Ile-341, Val-344, Ile-377, Phe-381, and Leu-534 ( Fig. 2) .
Potency, isoform selectivity, and substrate selectivity of ARN2508 enantiomers
It was previously reported that racemic ARN2508 has an IC 50 value of ϳ12 nM for COX-1 and 430 nM for COX-2 (13) . To further assess the potency of the inhibitor, each enantiomer was individually tested for both COX-1 and COX-2 inhibition. The results ( Fig. 4 ) indicated that the potency of the S-enantiomer of ARN2508 (IC 50 ϭ 7.0 nM) for COX-1 inhibition is much greater than that of the R-enantiomer (IC 50 ϭ 4.6 M) ( Table 2) . Similarly, using 5 M AA as substrate, the S-enantiomer was the more potent of the two against COX-2, achieving complete inhibition of AA oxygenation with an IC 50 of ϳ39 nM ( Fig. 5A and Table 2 ), whereas the R-enantiomer inhibited the enzyme by ϳ50% at 10 M and failed to reach complete inhibition at the highest concentration tested (100 M). Thus, as previously reported for the racemic mixture (13) , each enantiomer of ARN2508 exhibits a small degree of COX-1 selectivity. The potency of the S-enantiomer for 2-AG oxygenation by COX-2 (IC 50 ϭ 21 nM) was greater than that for AA oxygenation but only by ϳ2-fold ( Fig. 5B and Table 2 ). In contrast, (R)-ARN2508 exhibited an ϳ30-fold higher inhibitor potency for 2-AG (IC 50 ϭ 0.34 M) versus AA oxygenation and completely blocked 2-AG oxygenation. These results indicate that the R-enantiomer is a substrate-selective COX-2 inhibitor. 
where F o and F c are the observed and calculated structure factors and R free test set is 3.0%. r.m.s., root mean square. CC1 ⁄ 2 , the correlation coefficient between random half data sets.
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COX-2⅐ARN2508 structure and inhibition kinetics Time dependence of AA and 2-AG oxygenation inhibition by ARN2508 enantiomers
As most highly potent COX inhibitors are time-dependent, initial experiments included an arbitrarily chosen 10-min preincubation period prior to substrate addition. To further explore the time dependence of ARN2508, various concentrations of each enantiomer were added simultaneously with either AA or 2-AG to COX-2, reactions were quenched after 10 s, and products were analyzed using LC-MS/MS. The data indicate that COX-2 inhibition by the R-enantiomer is essentially time-independent for both AA and 2-AG oxygenation as preincubation had minimal effect on the observed IC 50 values or extent of inhibition observed. In contrast, COX-2 inhibition by the S-enantiomer is strongly time-dependent as indicated by IC 50 values in the nM range for both AA and 2-AG oxygenation following preincubation but failure to reach even 50% inhibition in the absence of preincubation at the concentrations tested ( Fig. 5 , A and B, and Table 2 ).
The vast majority of COX-2 inhibitors bind to the enzyme in a non-covalent manner, a notable exception being aspirin, which acetylates Ser-530 (24) . Most time-dependent, non-covalent inhibitors exhibit kinetics consistent with a two-step binding model that includes rapid, reversible formation of an initial complex followed by a slower step that leads to a much stronger enzyme-inhibitor interaction (25) . To assess the kinetic mechanism of ARN2508-mediated COX-2 inhibition, various concentrations of the S-enantiomer were preincubated with wildtype COX-2 for different time periods, and the activity of the enzyme was measured. A plot of enzyme activity versus time for each inhibitor concentration exhibited pseudo-first order kinetics (Fig. 6A ), and the observed first order rate constants for each curve (k obs ) were plotted against inhibitor concentration. The resulting data ( Fig. 6B ) failed to yield the hyperbolic curve that is expected from the two-step model. A possible explanation is that the two-step model is correct, but insufficient concentrations of inhibitor were used to fully delineate the hyperbola. Indeed, fitting of the data to this model yields a first step dissociation constant of 220 M and inhibition rate constant of 41 min Ϫ1 , corresponding to an overall kinetic efficiency (k on /K I ) of 0.18 min Ϫ1 ⅐M Ϫ1 . These values are, at best, only estimates as evaluation of much higher inhibitor concentrations is necessary to fully define the curve. Unfortunately, solubility limitations prevented this evaluation. An alternative explanation is that the plot is linear rather than hyperbolic, suggesting that ARN2508 does not follow the typical two-step kinetic mechanism. In this case, the binding process would more likely occur in a single step, or if multistep, the first step is rate-limiting. The slope of the line (0.11 min Ϫ1 ⅐M Ϫ1 ) provides an estimate of the second order rate constant for the binding of inhibitor to enzyme in this model. Regardless of which model is correct, the formation of the inhibitory (S)-ARN2508⅐COX-2 complex occurs substantially more slowly than formation of the inhibitory complex of (S)-flurbiprofen with COX-2, which exhibits a reported overall kinetic efficiency of 6 min Ϫ1 ⅐M Ϫ1 (26). 
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The Tyr-355 residue of COX-2 forms part of the constriction site that separates the lobby region from the active site, placing it within hydrogen-bonding distance of the carboxylate group of many NSAIDs including ARN2508 (7) . To evaluate the importance of this interaction, ARN2508 was tested for its ability to inhibit AA oxygenation by Y355F. As seen in Table S1 and Fig. S1 , the Y355F mutation had only modest effects on the kinetics of the enzyme with AA as substrate. The potency of (S)-ARN2508 decreased slightly for the Y355F mutant as indicated by an ϳ2.5-fold increase in IC 50 . The potency of the R-enantiomer decreased more substantially; failure to achieve more than 50% inhibition at the highest inhibitor concentration tested (50 M) precluded determination of an IC 50 value ( Fig. 7 and Table 2 ). These findings differ significantly from those obtained with other previously reported carboxylate-containing NSAIDs including indomethacin, meclofenamic acid, piroxicam, ketorolac, and ibuprofen, which exhibit substantially reduced potency against the COX-2 Y355F enzyme (27) (28) (29) , and they support the hypothesis that hydrogen bond formation with Tyr-355 contributes only modestly to the binding affinity of (S)-ARN2508.
Role of Ser-530 in ARN2508 binding to COX-2
The presence of a reactive carbamoyl group and the known ability of ARN2508 to covalently modify FAAH suggested the possibility that the inhibitor also covalently modifies COX-2. The proximity of the carbamoyl group of ARN2508 to Ser-530 observed in the crystal structure led us to hypothesize that a covalent modification might occur at that residue in solution. However, LC-MS/MS analysis of the tryptic peptides of COX-2 that had been incubated with the inhibitor failed to reveal the mass shift expected from the addition of ARN2508 to Ser-530. Despite obtaining ample sequence coverage (84%) that includes Ser-530 ( Fig. S2 ), no detectable modifications were observed. These results do not support covalent bond formation between the inhibitor and Ser-530.
Although our data did not support covalent bond formation between the carbamoyl group of (S)-ARN2508 and Ser-530 of COX-2, the crystal structure reveals the presence of a hydrogen bond between these moieties. To determine the importance of this interaction to ARN2508's potency and to further rule out a covalent interaction, the ability of each enantiomer to inhibit a COX-2 S530A mutant enzyme was evaluated. As in the case of Y355F, the S530A mutation had minimal effect on enzymatic activity using AA as substrate (Table S1 and Fig. S1 ). Furthermore, this mutation did not have a major effect on the potency of (S)-ARN2508 and caused only a mild reduction in the potency of the R-enantiomer using AA as substrate and a 10-min preincubation (Fig. 7) . These findings do not support the hypothesis that an interaction (covalent or noncovalent) with the hydroxyl group of Ser-530 plays a significant role in ARN2508's potency.
Although the potency of (S)-ARN2508 (as measured by IC 50 values) was nearly identical for wildtype and S530A COX-2 following our standard 10-min preincubation time, the position of S530A at the bend of the active site suggested that this residue might interfere with the insertion of ARN2508's hydrophobic tail into the upper part of the channel. To test this hypothesis, we compared the rate of inhibition of the mutant with that 
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of the wildtype enzyme at two concentrations of (S)-ARN2508 (Fig. 8A ). The data clearly showed a much higher rate of inhibition in the case of the mutant enzyme. Unfortunately, the very rapid rates at high (S)-ARN2508 concentrations precluded a full kinetic analysis.
For a time-dependent inhibitor, the measured IC 50 value is dependent on the length of the preincubation period. Longer preincubations provide time for the enzyme⅐inhibitor complex to form, making the inhibitor appear more potent and reducing the IC 50 . Consistently, when the potency of (S)-ARN2508 was determined for S530A and wildtype COX-2 following a 30-s preincubation period, the IC 50 values obtained for both enzymes were substantially higher (0.31 M for S530A and 4.51 M for wildtype) than those obtained following a 10-min preincubation ( Table 2 and Fig. 9 ). Notably, at this short preincubation time, (S)-ARN2508 is significantly more potent against the mutant than the wildtype enzyme. This is due to the much more rapid development of inhibition with the mutant.
Because the S530A mutant decreases steric bulk from the bend in the COX-2 active site and eliminates hydrogen bonding with the inhibitor, we evaluated the effects of a COX-2 S530T mutation on inhibitor potency to observe how additional steric bulk in that region might alter the rate or potency of inhibition.
This mutation had substantial effects on enzyme activity, both raising the K m (3-fold) and lowering the V max (3-fold) (Table S1 and Fig. S1 ). The mutation was also associated with a reduction in potency of (S)-ARN2508 (Table 2 ). Somewhat unexpectedly, however, the rate of inhibition of S530T observed with two concentrations of (S)-ARN2508 was faster than that of the wildtype enzyme (Fig. 8B) . These results suggest that the larger threonine residue does not substantially impede the inhibitor's access to the top channel of the COX-2 active site.
Inhibition of COX-2 Gly-533 mutants by (S)-ARN2508
As observed from the crystal structure, AA binds in an L-shaped conformation with its -tail inserted into the top channel of the COX-2 active site (17, 18) . Gly-533 lies near the end of the channel, and mutations of this residue to bulkier side chains inhibit the oxygenation of AA. However, Gly-533 mutants including G533A, G533V, and G533L can oxygenate the 18-carbon fatty acid ␣-linolenic acid (LNA) (30) . One of the major products formed from this reaction is 12-hydroxyoctadecatrienoic acid (31) , which contains a conjugated double bond that can be detected by UV-visible spectroscopy at 235 nm. The oxygenation of LNA by wildtype mCOX-2 and the mutant G533L in the presence of (S)-ARN2508 or (S)-flurbiprofen was evaluated to determine whether disruption of the structure of the top channel would significantly impact ARN2508's potency due to the extension of the inhibitor's hydrophobic tail to the end of the upper active site channel. Differences were observed between the wildtype enzyme and the G533L mutant with respect to inhibition by (S)-ARN2508 versus (S)-flurbiprofen. In Fig. 10A , oxygenation of LNA by wildtype mCOX-2 is shown to be completely inhibited by a 10 M concentration of both (S)-ARN2508 and (S)-flurbiprofen following a preincubation of 3 min or greater. With a 1-min preincubation, there was slight substrate oxygenation in the presence of (S)-ARN2508 but not (S)-flurbiprofen. In contrast, although (S)-flurbiprofen completely inhibited mCOX-2 G533L following a 3-min preincubation, (S)-ARN2508 was only partially effective. Even following a 15-min preincubation, (S)-ARN2508 inhibited oxygenation by G533L COX-2 less efficiently than did (S)-flurbiprofen preincubated for just 1 min A, two concentrations of (S)-ARN2508 were incubated with wildtype or S530A mCOX-2 for the indicated preincubation times before the addition of 5 M AA. Each enzymatic reaction proceeded for 10 s before being quenched with organic solvent containing deuterated internal standards. Oxygenation of AA was assessed by quantification of enzymatic product formation utilizing LC-MS/MS as described under "Experimental procedures." B, two concentrations of (S)-ARN2508 were incubated with wildtype or S530T mCOX-2 for the indicated preincubation times before the addition of 5 M AA. Results are the mean Ϯ S.D. of triplicate determinations. Some error bars are shorter than the height of the symbol. (Fig. 10B) . These findings suggest that the bulky side chain of G533L interferes with the binding of (S)-ARN2508's side chain in the active site channel and that this binding interaction is important to the inhibitor's potency.
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Discussion
ARN2508 is a designed dual inhibitor of COX enzymes and FAAH. Here, we show that each enantiomer of the compound exhibits distinct kinetics of inhibition of substrate oxygenation by both COX isoforms. (S)-ARN2508 is a time-dependent, highly potent, tightly bound inhibitor that is slightly more potent against COX-1 than COX-2. In contrast, (R)-ARN2508 is a weak, rapidly reversible inhibitor of AA oxygenation that is slightly more potent against COX-1 than COX-2 and a substrate-selective inhibitor for COX-2-dependent 2-AG oxygenation. This kinetic behavior of the two ARN2508 enantiomers is similar to that of the enantiomers of its parent compound, flurbiprofen (15, 26, 32, 33) .
The identical enantioselectivity of ARN2508 and flurbiprofen is not surprising as the orientation of (S)-ARN2508's flurbiprofen moiety in the COX-2 active site (Fig. 2) is nearly identical to that observed for (S)-flurbiprofen in complex with COX-1 and COX-2 (19 -23) . The ␣-methyl group of the flurbiprofen core of ARN2508 is adjacent to Tyr-355, which forms part of the constriction at the entrance into the active site. A similar binding interaction is observed for flurbiprofen, and previous studies have indicated that Tyr-355 is involved in flurbiprofen's time-dependent inhibition (34) . A clash between Tyr-355 and the ␣-methyl group of the R-enantiomer of profen class inhibitors has been predicted to interfere with binding, thus explaining the poor potency of these compounds (35) . However, a crystal structure of (R)-flurbiprofen complexed with COX-2 revealed a shift in the inhibitor's carboxylate group, ␣-carbon, and fluorophenyl ring that enables accommodation of the ␣-methyl group with retention of polar interactions with both Arg-120 and Tyr-355. Nevertheless, the overall result is a reduction in total enzyme-inhibitor contacts that likely explains the R-enantiomer's lower potency (15) . It is likely that a similar conformational change is required to accommodate the (R)-methyl group of (R)-ARN2508, providing an explanation for its reduced potency relative to that of the S-enantiomer. However, as a crystal structure of (R)-ARN2508 complexed with COX was not obtained, this hypothesis could not be confirmed.
Despite its structural and kinetic similarities to flurbiprofen, the alkyl carbamate substituent of ARN2508 imparts it with properties that are not observed in any other previously reported NSAID. These include FAAH inhibition and utilization of the upper portion of the cyclooxygenase active site channel. Indeed, our crystal structure data reveal a number of interesting aspects to the binding interactions of ARN2508 in the active site of COX-2. The catalytic Tyr-385 residue forms hydrogen bonds with both oxygen atoms of the carbamate moiety of ARN2508 reminiscent of the hydrogen bond formed between Tyr-385 and the carbonyl oxygen of aspirin. This interaction places the aspirin carbonyl in a position that is hypothesized to be favorable for nucleophilic attack by the oxygen of Ser-530 and stabilizes the negatively charged tetrahedral intermediate formed in the transition state (36) . However, in our COX-2⅐(S)-ARN2508 complex crystal structure, an additional interaction is observed between the amide nitrogen of ARN2508 and Ser-530, thus making a nucleophilic attack by the Ser-530 hydroxyl group on the carbonyl carbon of the inhibitor less favorable. This is consistent with previous molecular modeling and simulation studies that predicted unfavorable geometry for covalent modification of COX by ARN2508 (37) and with our own site-directed mutagenesis data and tryptic peptide analysis by LC-MS/MS, which do not support covalent modification of Ser-530 by the inhibitor. In fact, there is no major loss of (S)-ARN2508 potency for S530A COX-2, suggesting that the hydrogen bond between the inhibitor and Ser-530 also plays a minimal role in inhibitor potency. Nevertheless, the S530A mutation clearly exerts a subtle effect on the enzymeinhibitor interaction. Specifically, (S)-ARN2508 inhibits the S530A mutant more rapidly than the wildtype enzyme.
Although slow-binding COX inhibitors have consistently been seen to exhibit multistep kinetic mechanisms in which one or more rapidly reversible steps are followed by the rate-limiting formation of a much more tightly bound enzyme⅐inhibitor complex (7) , the structural basis for the initial enzyme-inhibitor interaction in most cases is poorly understood. For some NSAIDs, such as indomethacin and the diarylheterocycle class of COX-2-selective inhibitors, the slow step has been attributed to insertion of a portion of the molecule into a specific binding pocket in the enzyme active site (7) . Such mechanistic data are not available for flurbiprofen or ARN2508. Clearly, however, the alkyl side chain of ARN2508 impacts its binding kinetics in that a longer preincubation period is required for (S)-ARN2508 than for (S)-flurbiprofen to reach the same level of inhibition. Although kinetic analysis failed to clearly delineate the mechanism of (S)-ARN2508 -mediated inhibition of COX-2, the available data suggest that, if a classic two-step mechanism is applicable, much higher inhibitor concentrations are needed to form the initial complex for (S)-ARN2508 (K I Ϸ 220 M) than (S)-flurbiprofen (K I ϭ 0.17 M) (26) . Alternatively, the (S)-ARN2508⅐COX-2 complex may form in a single slow step or in multiple steps of which the first is rate-limiting. The only structural difference between flurbiprofen and ARN2508 is the presence of the alkyl carbamate side chain on the latter. Thus, it is reasonable to hypothesize that insertion of ARN2508's alkyl chain into its position in the active site is responsible for their kinetic differences. Our data also support the hypothesis that Ser-530, which is present at the bend of the channel, plays a role in the insertion process. Mutation of Ser-530 to Ala shortens the time required for (S)-ARN2508 to inhibit COX-2, whereas it does not affect the rate of binding of flurbiprofen (data not shown). Hydrogen bond interactions between Ser-530 and the carbamoyl group of the inhibitor may also contribute to its COX-2 binding interaction, although removal of this hydrogen bond does not substantially alter potency as measured in our standard IC 50 assay.
To further investigate the effects of Ser-530, we mutated it to a bulkier threonine residue. This mutation resulted in a 90% reduction in catalytic efficiency (k cat /K m ) ( Table S1 ), suggesting that the added bulk significantly impairs active site structure and/or dynamics. It also resulted in a mild reduction in potency of (S)-ARN2508, although the rate of inhibition was, surprisingly, slightly higher than that of the wildtype enzyme (Fig. 8B) . Structural studies have shown that the threonine side chain of the mutant overlays one of several alternative conformations adopted by serine in the wildtype enzyme (38) . This orientation must provide sufficient room for the -end of the substrate to access the hydrophobic top channel. The hydroxyl group of threonine can also hydrogen-bond to the inhibitor as does that of the serine residue based on an assessment of the previously deposited S530T crystal structure.
Our data suggest substantial importance of the nonpolar interactions established between the alkyl chain of ARN2508 and the top channel of COX-2, which is lined with hydrophobic residues. This region of the active site, where the -tail of AA normally binds, has not previously been reported as the site of a COX protein-inhibitor interaction. The interactions observed in our crystal structure are consistent with previous structureactivity relationship studies (39) and in accordance with those predicted by molecular simulations that showed a nearly identical statistical distribution of hydrophobic contacts between COX-1 and AA when compared with COX-1 and ARN2508 (37) . In the structure-activity relationship studies, increasing the length of the alkyl chain up to eight carbons correlated with an increase in potency toward FAAH. However, the trend differed with respect to inhibition of COX-1 and COX-2. Short alkyl chains with two or three carbons exhibited low inhibitor potency. Increasing the chain length resulted in an increase followed by a decrease in potency for both isoforms. Inhibition of COX-1 was maximized at a chain length of six carbons, whereas that for COX-2 was optimal and similar for chain lengths of five to seven carbons. The current crystal structure reveals that the additional steric bulk of longer alkyl chains cannot be accommodated in the hydrophobic channel (39) . Kinetic experiments with the G533L mutant of COX-2 further support the hypothesis that the alkyl chain of ARN2508 binds in the top channel and that this interaction is important to inhibitory kinetics in a way that is specific to ARN2508. In particular, a G533L mutation markedly reduces the potency of ARN2508 but has little effect on the potency of flurbiprofen. Mutation of this residue to valine is known to abolish oxygenation of AA due to the inability of the substrate to access the top channel and bind close enough to Tyr-385 to initiate the enzymatic reaction (40) .
COX-2 and FAAH are critical enzymes in the inflammatory response; they regulate the presence of proinflammatory eicosanoids and degrade endocannabinoids that have analgesic and anti-inflammatory effects. ARN2508 is a pharmacologically distinctive compound in that it can simultaneously block the activity of both enzymes. Here, we show that the in vitro efficacy of ARN2508 for inhibition of PG synthesis is primarily attributable to the S-enantiomer, whereas both enantiomers may effectively block COX-2-dependent oxygenation of endocannabinoids. In contrast, ARN2508-mediated inhibition of FAAH is not affected by the orientation of the compound's ␣-methyl group. Rather, ARN2508 irreversibly blocks FAAH through covalent modification of the enzyme via a reaction between the carbamate moiety of the inhibitor and the catalytic Ser-241 of FAAH (14) . Here, we further show that a covalent modification of COX-2 by ARN2508 does not occur based on crystal structure, site-directed mutagenesis, and analysis of digested peptides by mass spectrometry. Although their mechanisms of inhibition differ, FAAH and COX enzymes both contain long, hydrophobic channels, allowing favorable binding of ARN2508 (41) . In conclusion, ARN2508 inhibits COX via structural determinants contributed primarily by its flurbiprofen moiety, whereas the alkyl carbamate substituent, which is required for FAAH inhibition, imparts distinct attributes to its COX inhibitor kinetics and binding interactions.
Experimental procedures
Materials AA was purchased from Nu-Chek Prep, Inc. 2-AG, PGE 2 -d 4 , (S)-flurbiprofen, and ␣-linolenic acid were purchased from Cayman Chemical. PGE 2 -G-d 5 was synthesized as described previously using chemicals from Sigma-Aldrich (4). Linearized baculovirus DNA and related reagents were purchased from Expressions Systems, LLC. Detergents were purchased from Affymetrix.
COX-1 and -2 expression and purification
The expression and purification of oCOX-1 from sheep seminal vesicles were performed as described previously (42) . The expression and purification of recombinant mCOX-2 in Sf9 cells were performed as described previously (30) with modification. The pVL-1393 transfer vector containing the gene sequence of wildtype mCOX-2 and a C-terminal His 6 tag was COX-2⅐ARN2508 structure and inhibition kinetics cotransfected with linearized baculovirus DNA and used for overexpression in Sf9 cells. Following an infection period of 72 h, cells were harvested by centrifugation and lysed with sonication and solubilization in 1.5% n-decyl ␤-D-maltoside. The cell lysate was incubated with nickel-nitrilotriacetic acid beads and washed with buffer containing 50 mM imidazole. The enzyme was eluted with buffer containing 150 mM imidazole. The final purification step was performed using a size exclusion column and buffer exchange with buffer containing 0.3% n-octyl ␤-D-glucoside. Protein purity was evaluated by SDS-PAGE and Western blotting, and the enzyme was found to be Ͼ95% pure.
AA and 2-AG kinetics with mCOX-2
For mCOX-2 kinetics and inhibition with ARN2508, the method utilized was similar to that reported previously (43) . Briefly, 15 nM purified mCOX-2 (monomer) was reconstituted with 30 nM heme in 190 l of assay buffer (100 mM Tris-HCl, pH 8.0, and 500 M phenol). For the assessment of activity with no preincubation of inhibitor, the desired quantities of substrate and inhibitor were added together in 10 l of DMSO to the enzyme solution and quickly vortexed. For the assessment of activity with various preincubation times, the desired quantity of inhibitor in 5 l of DMSO was added to the enzyme solution and incubated for various time points at 37°C. After the incubation, the desired quantity of substrate in 5 l of DMSO was added to the mixture, which was quickly vortexed. After 10 s, reactions were quenched with 200 l of ice-cold ethyl acetate containing 0.5% acetic acid and 0.3 M PGE 2 -d 4 or PGE 2 -G-d 5 as internal standard. Products were analyzed using LC-MS/MS operating in positive ion mode using selected reaction to monitor levels of PGE 2 and PGD 2 relative to those of the internal standards. Kinetic data and fitting were performed using Prism 7. The kinetic constants for (S)-ARN2508 were analyzed as described previously by Rome and Lands (25) .
Inhibition of COX-2 Gly-533 mutants by (S)-ARN2508
Inhibition kinetics with Gly-533 mutants were analyzed using UV-visible spectroscopy on a Beckman-Coulter DU800 spectrophotometer. Gly-533 mutants were expressed and purified as described previously (30) . Enzyme (200 nM monomer) was resuspended in 590 l of assay buffer with 1 eq of heme. LNA (50 M) was then added and mixed, and the absorbance at 235 nm was recorded for 2 min after ϳ5 s of dead time. Inhibitors in a DMSO stock were added for various preincubation times prior to adding substrate.
Crystallization, X-ray data collection, and structural determination
The crystal structures of murine COX-2 in complex with ARN2508 compound were obtained following published methods (44 -46) . The crystals were grown in a solution created by combining 3.5 l of protein⅐inhibitor complex and 3.5 l of crystallization solution (50 mM EPPS, pH 8.0, 80 -140 mM MgCl 2 , and 21-26% PEG monomethylether 550) via the hanging drop method at 18°C. Full-size crystals (obtained following 5 ϳ 6 weeks of incubation) were transferred to 50 mM EPPS, pH 8.0, 100 mM MgCl 2 , and 28% PEG monomethylether 550 for 30 s and then flash frozen in liquid N 2 for transportation and data collection. Diffraction data were collected using the synchrotron radiation X-ray source with 100 K liquid N 2 streaming at beamline 24-ID-E in the Advance Photon Source at Argonne National Laboratory. Diffraction data were collected and processed with XDS (47) . The crystal complex was determined as the I4 1 22 space group. Initial phases were determined by molecular replacement using a search model (chain A of Protein Data Bank code 3NT1) with Phaser (48) . The models were improved with several rounds of model building in Coot (49) and PHENIX with F Ն 1.34 (50) . Random selected data (3%) were set aside for test and quality control. Ligand constraints were computed using eBLOW with PHENIX (50); the ligand molecule was built in Coot (49) and refined with PHENIX (50). Water molecules were added during the last cycles of refinement, and TLS (Translation-Libration-Screw) refinement was applied in the last cycle of refinement (50) . The potential of phase bias was examined by simulated annealing using PHENIX (51) . The values of the Ramachandran plot for the final refinement of the structure were obtained by use of the PHENIX suite. Data collection and refinement statistics are reported in Table 2 . All illustrations were prepared with PyMOL (Schrödinger, LLC).
COX-2 tryptic digest and peptide adduct analysis
Purified COX-2 was incubated with or without 100 M (S)-ARN2508 for 2 h at 37°C. Samples were precipitated with icecold acetone overnight at Ϫ20°C. Specifically, 300 l of acetone was added to 50 l of each protein sample. Following precipitation, samples were centrifuged at 18,000 ϫ g at 4°C, and precipitates were washed with cold acetone and allowed to dry for 15 min. Protein pellets were reconstituted in 20 l of 100 mM ammonium bicarbonate, reduced with 2 l of 45 mM DTT, and treated with 2 l of 100 mM iodoacetamide to alkylate cysteine residues. COX-2 samples were digested with 1 g of sequencing-grade trypsin overnight at 37°C. Peptides were analyzed by LC-MS/MS. An analytical column was packed with 20 cm of C 18 reverse-phase material (Jupiter, 3-m beads, 300 Å, Phenomenex) directly into a laser-pulled emitter tip. Peptides were loaded on the capillary reverse-phase analytical column (360-m outer diameter ϫ 100-m inner diameter) using a Dionex Ultimate 3000 NanoLC and autosampler. The mobilephase solvents consisted of 0.1% formic acid and 99.9% water (solvent A) and 0.1% formic acid and 99.9% acetonitrile (solvent B). Peptides were gradient-eluted at a flow rate of 350 nl/min using a 90-min gradient. The gradient consisted of the following: 1-3 min, 2% B (sample loading from autosampler); 3-65 min, 2-40% B; 65-75 min, 40 -99% B; 75-79 min, 99% B; 79 -80 min, 99 -2% B; and 80 -90 min (column re-equilibration), 2% B. A Q Exactive Plus mass spectrometer (Thermo Scientific) equipped with a nanoelectrospray ionization source was used to mass-analyze the eluting peptides using a data-dependent method. The instrument method consisted of MS1 using an MS automatic gain control target value of 3e 6 followed by up to 20 MS/MS scans of the most abundant ions detected in the preceding MS scan. A maximum MS/MS ion time of 80 ms was used with an MS2 automatic gain control target of 1e 5 . Dynamic exclusion was set to 15 s, high energy collision disso-
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ciation was set to 28% of the normalized collision energy, and peptide match and isotope exclusion were enabled. For identification of peptides, tandem mass spectra were searched with Sequest (Thermo Fisher Scientific) against a Mus musculus database created from the UniProtKB protein database (www.uniprot.org). 4 Variable modification of ϩ15.9949 on Met (oxidation), ϩ57.0214 on Cys (carbamidomethylation), and ϩ386.1722 on Ser were included for database searching. Search results were assembled using Scaffold 4.3.2 (Proteome Software).
